We report on the growth of the compound semiconductor MgTe as weil as the ternary alloy Cd l ~xMg,Tc by mokcular hcam cpitaxy. This is to our knowkdgc thc first time that this material has heen grown by any epitaxial technique. Bulk MgTe, which is hygroscopic, has a band gap of 3.0 eV and crystallizcs usually in thc wurtzite structure. Pseudomorphic films were grown on zincblende Cd Te suhstrates for a MgTe thickness helow a critical layer thickncss of approximately 500 nm. In addition, Cdl_,MgxTe epilayers were grown with a Mg conccntration hetween 0 and 68'1(, wh ich corresponds to a band gap betwcen 1.5 and 2.5 eV at room temperature. The crystalline quality of thc layers is comparabk to CdTc thin films as long as they are fully strained. The lauice constant of zincblende MgTe is slightly smaller than that of CdTe, and the lattice mismatch is as low as O.7'k. In addition highly n-type CdMgTe layers were fabricatcd by hromine doping. The tunability of the band gap as weil as the ralher good laUice match with CdTc makes the matcrial interesting for optoelectronic device applications for the entire visible range.
Introduction
II -VI semiconductors are interesting ca nd idates für future optoelectronic devices. On the one hand lI-VI compounds cüntaining Hg cover the whole infrared spectrum, whereas the wide gap II -VI semiconductors offer direct band gaps through the entire visible range to the ultraviolet. Recently, the first blue light emitting semiconductür laser diode was fabricated on the basis of ZnSe [1] . CdTe exhibits many interesting features: a band gap in the middle of the solar spectrum, a high atümic weight for X-ray detection, and an electro-optic coefficient, which is about a factor of 4 higher than in GaAs [2] . In addition, Cd Te is the base material für the related ternary alloys Hg1_xCdrTe and Cd l _ x MnxTe (CdMnTe). Hg1_xCdrTe is an important infrared detector material, and CdMnTe as a dilute magnetic semiconductür exhibits unique features such as, e.g., a giant Faraday rotation and magnetic polaron formation [3, 4] .
In principle, CdMnTe is a potential material for light emitting devices covering the whole visi-ble range: MnTe is a wide gap semiconductor with a band gap of 3.2 cV, and recently an c1cctron injectcd CdMnTcjCdTc quantum weil laser emitting in thc red range of the visible spcctrum was fabricated [5] . On the üther hand, the lattice mismatch to CdTe is relatively high' (2.3%), leading to a small critical layer thickness or a high dislocation density. This is cspecially relevant for higher manganesc concentrations. Thereforc we havc searched for an alternative material with a bettcr lattice matching to CdTe, which in a ternary alloy with CdTe would cover thc entire visible region.
The bulk propertics of MgTe as weil as those of the ternary alloys Cd, _xMgxTe and Zn,_x MgxTe have bcen studied by different groups [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] _ MgTe is hygroscopic, and the surfacc is very rapidly oxidized under standard environmental conditions. Chemical re action with water produces MgO and H 2 Tc. H 2 Te dccomposes immediately at room temperature, and the tellurium produces a black residue [10] . Therefore the properties of pure MgTe are hard to ascertain. However, the ternary alloys Cd! xMgxTc are sta-ble if the magnesium content does not exceed a certain critical value. For Cd 1 -x Mg.,Te, the critical Mg content is not known. In the past, bulk crystals have been fabricated with Mg contents of up to 60% without the above-mentioned chemical reaction [12] . Cd l_xMgxTe with Mg content above 60% has been found to crystallize in the wurtzite structure and between 30% and 65% various polytypes were obtained [12] .
In the following we report on the growth and characterization of MgTe and Cd 1 -x MgxTe thin films by molecular beam epitaxy (MBE). This is to our knowledge the first time that Cd 1 -x MgxTe was grown by any epitaxial technique. Cd 1-.\ Mg ,Te layers were grown with Mg concentrat ions between 0 and 0.68. The binary compound MgTe was grown by using elemental Te and Mg sources. The thin films have been characterized by reflection high energy electron diffraction (RHEED), X-ray diffraction, optical reflection as weil as transport measurements.
Experimental procedure
Thin films were grown on (001) oriented CdTe substrates. The substrates were chemomechanically polished using a bromine-methanol-ethyleneglycol solution. Before insertion into the MBE system, the substrates were etched with HCl and subsequently rinsed in deionized water. A heat treatment in vacuum at 350°C for 15 min in the presence of a Cd flux was used to clean the substrate surface. Before the growth of the Cd1_xMg,Te layers, a Cd Te buffer of 200 nm thickness was grown at a substrate temperature of 315°C. The Cd [-x Mg x Te layers themselves were grown at a substrate temperature of 250°C. A CdTe compound source as weIl as an elemental Mg source were used for the Cd1_xMgxTe MBE growth, whereas elemental Mg and Te sources were used for the growth of the binary compound MgTe. The growth temperatures of the Mg cell were in the range between 200 and 300°C. The Mg beam equivalent pressures (Mg BEPs) were measured using an ion gauge at the substrate position.
RHEED was used to monitor the growth in situ. The band gap was determined by room temperature reflection measurements using a Bruker Fourier transform spectrometer (IFS 88).
Mg concentration
The lattice constants as weil as the structural quality of the layers were determined using a fivejsix crystal X-ray diffractometer. Free electron concentration as weil as carrier mobility of n-doped Cdl_xMgxTe layers were determined by making use of the Van der Pauw method using a Drude model for data analysis. For this, a magnetic field of 0.3 T was employed, and indium contacts were fabricated by thermobonding. Fig. 1 shows band gap values of Cd I -x Mg x Te and ZnMgTe taken from the literature for different Mg x-values [8, 13] . Only data from ternary alloys with cubic structure have been included. From this, a band gap' for the cubic semiconductor MgTe between 2.9 and 3. 1 eV is derived from a linear extrapolation. To determine the x value of our thin films of zincblende Cdl_xMgxTe grown by MBE, the calibration curve in fig. 1 for bulk cubic Cd1_xMgxTe was used and the band gap was determined experimentally.
ResuIts and discussion
At the substrate temperature used (250°C), pronounced RHEED oscillations could be ob- (,U9 served after the growth start of MgTe on the CdTe buffer. This shows that the growth regime of MgTe is eompatib\e with the one of CdTe. During the first == 100 nm of MgTe growth, the RHEED diffraetion pattern showed a streaky (2 X 1) reeonstruetion. At larger thicknesses. the RHEED pattern beeame more and more spotty, and beyond 500 nm a relatively abrupt change from eubic symmetry to a more or less polycrystalline pattern oceurred. We believe that the MgTe layer then grew in the wurtzite structure, which was found to be the stable crystal structure in MgTe bulk material.
MgTe is known to be very reactive at room atmosphere. Therefore we have tried to protect the MgTe surface with a Cd Te cap of varying thiekness. After deposition of approximately 400 nm MgTe, when the RHEED pattern started to look spotty but nevertheless was still cubic, a Cd Tc eap was grown at the same substrate temperature. During the growth of the CdTe film, the quality of the RHEED pattern improved, and finally the pattern showed streaks again. However, neither a 100 nm nor a 1000 nm thick CdTe cap could prevent the MgTe from being oxidized at room atmosphere. Therefore no additional investigations have been done on MgTe thin films. For the 1000 nm CdTe cap, the oxidation lOok longer, but nevertheless the MgTe surface was oxidized after approximately 30 min. The reason why the thick CdTe eap could not protect thc MgTe surface is unclear at the moment.
The band gaps of the Cd I -x Mg,Te thin films were determined by means of room temperature optical reflection measurements. In fig. 2 the reflection at room temperature in the energy range between 0.15 and 2.6 eV is shown for 2 layers with different x-values. The band gap of the CdTe substrate as weIl as the band gap of the Cdl_xMgxTe thin films ean clearly be identified in spite of the interference patterns, and they are indicated in the figure. From this, the x-value of the thin films was derived using fig. 1 . In our ease, the band gap corresponds to x-values of 0.33% and 0.68%. The Cd1_xMgxTe layers were ehemically stable at environmental eonditions. No oxidation of the thin films eould be observed.
One should also mention the very large ampli-~o tudes of the interferenee fringes, whieh refleet a large differenee in the index of refraetion between the CdTe substrate and the Cd I -x MgrTe thin films. The high frequency dieleetrie eonstant of bulk MgTe has been found to be 3.7 (12] , in contrast to 7.2 for CdTe and 5.9 for ZnSe [16] .
To check the lattice eonstant as weIl as the struetural quality of the Cd l_xMgxTe layers, Xray diffraetion measurements have been performed. The strain in the layers has been investigated by reeiproeal space mapping of asymmetrie refleetions. From this astrain parameter y was dedueed, whieh reflects the degree of relaxation of the layers: y = 1 corresponds to a fuIly strained layer, whereas y 0 deseribes a fully relaxed layer. The strain parameter y is given by A tilt between substrate and layer orientation has been measured by reciproeal spaee mapping of the symmetrie (004) reflection and taken into account in the strain analysis deseribed above. The Poisson number of MgTe used in this analysis was assumed to be equal to that of CdTe. All Cd1xMgxTe layers investigated by X-ray diffraction were found to have a zincblende symmetry (Iayer thickness: 800 nm). The zincblende lattice constant of MgTe as extrapolated from lower x-values was found to be 6.435 ± 0.002 A, which corresponds to a lattice mismatch of 0.7% to CdTe and 0.5% to CdZnTe (3.5% Zn). The unstrained lattice constants of undoped Cd I -x MgxTe, the strain in the layers as weIl as the rocking curve width of the (004) reflex are summarized in table 1. For higher Mg contents, the rocking curve widths are larger, corresponding to a higher degree of strain relaxation and therefore a larger number of misfit dislocations in the layers. Table I X-ray diffraction results for Cd I _xMgxTe thin films; FWHM(004) is the full width at half maximum of rocking curves using the (004) reflex and y is the strain parameter of the layers; y 1 corresponds to a layer fully strained to the lateral lattice constant of the CdTe substrate and y = 0 corresponds to a fully relaxed thin film; the latticc constant is that for the unstrained zincblende lattice Recently, Zn-halogen compounds have been successfully used for the n-type doping of CdTe and CdMnTe, resulting in resistivities of 5 X 10-3 [l cm for both CdTe and CdMnTe [17, 18] . To test the doping possibilities of Cd 1 -x MgxTe, we have used ZnBr 2 as an n-type dopant. The free carrier concentration as weIl as the carrier mobility have been determined by Hall effect measurements making use of the Van der Pauw method.
In the doping experiments growth parameters such as substrate temperature and all fluxes were kept constant with the exception of the Mg flux, which was varied from sampie to sampie. In pure CdTe, the ZnBr 2 flux used in these experiments leads to a doping level of approximatcly 1 X 10 18 cm-3 . The results of the Cdl_xMgxTe doping attempts are summarized in table 2, where the free carrier concentration, Hall mobility and re- sisitivity are shown for sampIes with different Mg contents. A result of these preliminary experiments is that doping is efficient far low Mg content, whereas it drastically deteriarates at higher Mg content (33% and above). A similiar behavior has been observed in CdMnTe [18] . The reduction in mobility also reflects the decreasing structural quality of the films. Again it is not clear at this stage whether this behavior is merely due to an increasing number of dislocations in the films with higher Mg content. Further investigations are needed to clarify this point. Fig. 4 shows the temperature dependence of the free carrier concentration between 300 and 4 K for doped Cd I -x MgxTe layer with 10% Mg. The free carrier concentration remains constant as expected for a degenerately doped sample.
Summary
We have demonstrated the feasibility of growing cubic MgTe as weil as Cdl_xMg .. Te by molecular beam epitaxy. To our knowledge this is the first time that Cd '_xMgxTe layers have been grown by any epitaxial technique. Cdl_xMgxTe can serve as a new barrier material for CdTe based quantum weil structures. The sm all lattice mismatch to Cd Te (0.7%) is advantagous compared to CdZnTe and CdMnTe. In addition Cd-MgTe can be used for non-magnetic barriers in Cdl_xMg)'ejCdMnTe dilute magnetic quantum weil structures with magnetic CdMnTe quantum weHs. The band gap of Cdl_xMgxTe can be tuned through the whole visible region of the spectrum, making the material interesting for optoeIectronic applications. Further work has to be done to test the doping limits of Cdl_xMgxTe, especially for Cd I-x MgxTe with a band gap in the visible.
